ABSTRACT In the stress fibers of two types of nonmuscle cells, epithelia (PtK2, bovine lens) and fibroblasts (Gerbil fibroma, Wl-38, primary human) the spacing between sites of a-actinin localization differs by a factor of about 1.6 as determined by indirect immunofluorescence and ultrastructural localization with peroxidase-labeled antibody. Both methods reveal striations along the stress fibers with a center-to-center spacing in the range of 0.9/~m in epithelial cells and 1.5 #m in fibroblasts. Periodic densities spaced at comparable distances are seen in PtK2 and in gerbil fibroma cells when they are treated with tannic acid and examined in the electron microscope. In such cells, densities are found not only along stress fibers but also at cell-cell junctions, attachment plaques, and foci from which stress fibers radiate. These latter three sites all stain with a-actinin antibody on the light and electron microscope level. Stress fibers in the two cell types also vary in the periodicity produced by indirect immunofluorescence with tropomyosin antibodies. As is the case for e~-actinin, the tropomyosin center-to-center banding is approximately 1.6 times as long in gerbil fibroma cells (1.7 #m) as it is in PtK2 cells (1.0/~m). These results suggest that the densities seen in the electron microscope are sites of a-actinin localization and that the proteins in stress fibers have an arrangement similar to that in striated muscle. We propose a sarcomeric model of stress fiber structure based on light and electron microscopic findings.
Stress fibers, composed of bundles of aligned microfdaments, are a prominent feature of well-spread nonmuscle cells grown in culture (reviewed in reference 37) , and are also present in at least some cells in situ (4, 43) . Actin, myosin, tropomyosin, and ot-actinin are each associated with stress fibers as determined by immunological labeling techniques (23, 25, 26, 41) and in the case of actin, by specific actin-binding agents as well (34, 44) . The localization of myosin, tropomyosin, and a-actinin is in a banded pattern along the stress fiber analogous to patterns seen in the sarcomeres of striated muscle (7, 27, 28) , whereas the pattern of actin distribution is usually (26) but not always (2, 13, 35) continuous along the fibers. Microinjection of fluorescently labeled proteins into living ceils results in uniform distribution of fluorescence in the stress fibers when actin is injected (22, 38) , but in banded distributions when either aactinin (8, 21) or tropomyosin (42) is injected. Ultrastructural studies have shown that parallel arrays of actin fdaments are aligned along the entire length of the stress fibers, with adjacent microfdaments often opposite in polarity to one another (2, THE JOURNAL OF CELt BIOLOGY. VOLUME 96 APRIL 1983 961-969 © The Rockefeller University Press . 0021-9525/83/04/0961/09 $1.00 37). Myosin like filaments have also been detected (11, 29) , as well as osmiophilic densities spaced along the fibers (10, 30, 32, 39) . The ultrastructural densities are more prominent in cells treated with tannic acid and often appear to have a periodic distribution (12, 37) . Spooner et al. (39) first noted the similarities between these densities in nonmuscle cells and the dense bodies of smooth muscle cells. Gordon (13) proposed that the densities were the sites of a-actinin localization, after comparing the immunofluorescence banding patterns due to myosin and t~-actinin with the distribution of the densities. It has also been suggested that myosin is localized at the densities (12) , and recently Herman and Pollard (15) have shown ferritin-labeled antimyosin localized on ultrastrnctural densities and, at lower concentration, between the densities, as well.
Here we demonstrate that the center-to-center spacings of a-actinin localization in stress fibers of fibroblasts differ by a factor of about 1.6 from those of epithelial cells. We exploited this new immunofluorescence information of cell type differences in ct-actinin distribution to attempt to resolve the contro-
o f l uorescence in different types o f cells with the v a r i a t i o n o n a n u l t r a s t r u c t u r a l level in d i s t r i b u t i o n o f o s m o p h i l i c densities a n d a -a c t i n i n a n t i b o d y localization as d e t e r m i n e d with the peroxidase a n t i -p e r o x i d a s e ( P A P ) m e t h o d . T h e s e f i n d i n g s are disc u s s e d in t e r m s o f a s a r c o m e r i c m o d e l o f stress fiber o r g a n i z ation w h e r e a -a c t i n i n is localized in d e n s e bodies.
M A T E R I A L S A N D M E T H O D S

CELL CULTURES:
PtK2, WI-38, and gerbil fibroma cells were obtained from the American Tissue Type Collection (Rockville, MD). Bovine lens epithelial cells were obtained from Dr. Yves Courtois. The primary human fibroblasts were obtained from outgrowths of a human muscle biopsy. The cells were grown either on coverslips (to be used for subsequent immunofluorescence) or in 60-mm Falcon tissue culture dishes (Falcon Labware, Oxnard, CA to be used for electron microscopy). All the cells were grown in Eagle's medium supplemented with 1.5% glutamine, 10% fetal calf serum, and 1% antibiotic-antirnycotic mixture (all 
NY).
Affinity column purified antibodies against pig skeletal muscle aactinin and chicken smooth muscle actin or tropomysoin were raised in rabbits or chickens and prepared as described previously (3, 16, 19, 20) . Fluoresceinlabeled heavy meromyosin was prepared as described previously (35) .
FLUORESCENCE MICROSCOPY: Cells grown on coverslips were treated for immunofluorescence by fixation for 15-20 min at room temperature in 3% formaldehyde (prepared from paraformaldehyde) in standard salt (0.1 M KC1, 0.01 M KPO4 buffer, 0.001 M MgCI~, pH 7.0), rinses with standard salt, and permeabilization in 0.1% Nonidet P-40 (38). Reactions with antibody solution (against a-actinin, actin, or tropomyosin, 10-50 #g/ml) were carried out in moist chambers in a 37°C oven for 45 rain, followed by rinsing and incubation with fluorescein-or rhodamine-labeled goat anti-rabbit or anti-chicken antibody for 45 min 08). For labeling actin with heavy meromyosin (HMM), 10-20 gl of fluorescein-labeled HMM (39) (0.5-1 mg/ml) was added to cells that had been permeabilized in cold acetone for 5 min and washed in standard salt. The cells were incubated in a moist chamber in the cold for ½ to 1 h, washed, then fixed in 3% formaldehyde in standard salt, washed again, and mounted either in Mowiol 4.88 (Farbwerke Hoechst, Frankfurt, Federal Republic of Germany) or glycerol.
Either a Zeiss Photomicroscope or an Olympus Vanox Microscope, both of which were set up for epifluorescence and equipped with a Zeiss 63X planapochromat lens, was used to observe cells. Micrographs were taken using Tri-X Pan film (Kodak) which was developed with Acuflne or Diafine to obtain a 1000 to 1600 ASA rating.
Electron Microscopy
STANDARD PREPARATION: CeLls grown on 60-ram Falcon tissue culture dishes were fixed for 30 min at room temperature with 2% glutaraldehyde in 0.1 M cacodylate buffer, pH 7.0, which contained 0.2% tannic acid. Ceils were rinsed in the buffer and posffixed in 1% OsO4 in 0.1 M cacodylate buffer, pH 6.0, for 20 mill in the cold. After several rimes in buffer, the cells were exposed to 1% tannic acid in 0.1 M cacodylate buffer for 30 min at room temperature and then dehydrated in ethanol and embedded in Epon. Polymerized wafers of Epon were separated from the Falcon dishes, and selected areas of cells were cut from the wafer, glued onto blocks of Epon, and sectioned parallel to the substrate (42) . Sections were stained in uranyl acetate and lead citrate.
PAP TECHNIQUE: Cells grown in 60-ram Falcon fissue culture dishes were fixed and treated under the same conditions as the cells on covershps (see Fluorescence Microscopy), but with 20--40/zl of anti-a-actinin antibodies. After the incubation with the second antibody (goat anti-rabbit), the dishes were treated with peroxidase coupled to rabbit PAP (obtained from N. L. Cappel Laboratories, Cochranville, PA), fixed in gintaraldehyde, exposed to 0.03% H202 for 15 min, and then incubated in a fresh H202 solution containing a 0.33% solution of 3,3'diaminobenzoate-4HC1 (DAB; obtained from Polysclences, Warrington, PA) (40) . Within a few minutes, a dark reaction product began to appear in the cells. The reaction was allowed to proceed in the dark for 10 to 30 mm and was then stopped by washing with 50 mM Tris solution in standard salt. Ceils were further rinsed in 0.1 M sodium cacodylate, pH 6.8, before being exposed to 1% O,O4 in 0.1 M cacodylate buffer, pH 6.8, for 20 min in the cold (4°C), and processed as outlined above for standard electron microscopic preparation. Neither tannic acid, lead citrate, nor uranyl acetate was used on these PAP-treated ceils. For controls, we used ~ gl of standard salt in substitution for the a-actinin antibodies. These controls were otherwise treated the same as the other PAP cells.
M E A S U R E M E N T OF F L U O R E S C E N T B A N D P A T T E R N S :
All cells prepared for immunofluorescence microscopy were photographed at the same magnification and the micrographs were printed to give a final enlargement of x 1,500. Using a scale subdivided into 0.1 -mm spacings and a dissecting microscope set at x 7 magnification, we measured the distance between the center of one fluorescent band and the center of the adjacent fluorescent band. In contrast to center-tocenter measurements which are independent of exposure time of negatives and prints, measurements of band lengths vary with exposure. To compare band lengths in different cell types, we used a fixed exposure time to ultraviolet illumination and printed the resultant negatives at identical exposure times.
RESULTS
Controls for Localization of a-actin with PAP A n tibody
PtK2 and bovine lens cells are epithelial cells that attach to one another to form interconnected sheets. Indirect immunofluorescence studies revealed a marked concentration of aactinin antibody in the junctional areas (Fig. 1 a) . High magnifications of junctions (Fig. 1 b) showed a broad trilaminar band consisting of two stained areas of equal width separated by a narrow dark band. This middle dark band presumably corresponds to the 200-400-,~ gap observed in control PtK2 cells fixed in a tannic acid-glutaraldehyde solution (Fig. I c) . For 200-300 nm on either side of the junction there is densely staining material along the actin filaments (Fig. 1 c) . The distribution of reaction product generated by using a-actinin antibody and the PAP method (Fig. 1 d) was often spread over an area wider than that occupied by the tannic acid-enhanced density of an untreated junctional area (Fig. 1 c) , but the gap between adjacent cells in PAP-reacted cell cultures remained visible. If the primary antibody to a-actinin was omitted from the PAP procedure, only a slight osmiophilic density was visible along the membrane in the junctional area (Fig. 1 e) .
Other areas of ceils known from immunofluorescence studies (10) to contain a-actinin are ruffles and the focal contact at the ends of stress fibers on the ventral surface of the cell or at the edges of cells (Fig. 2 a) . When the PAP procedure was used in conjunction with a-actinin antibody, dense deposits were found at focal contacts at cell edges (Fig. 2 b) and ventral surfaces as well as ruffles (not shown). These deposits were absent if aactinin antibody was omitted from the procedure.
Stress Fibers
Five different cell types were processed for indirect immuno fluorescence with a-actinin antibody: gerbil fibroma (Fig.  3a) , primary human fibroblasts (Fig. 3c) , WI-38 fibroblasts (not shown), bovine lens epithehal cells (Fig. 3 b) , and PtK2 (Fig. 3 d) . Without measuring band patterns in the cells, it seemed apparent that the distance between fluorescent bands was appreciably shorter in the epithelial cells than in the fibroblastic cells, but that the length of the fluorescent bands was of the same magnitude in all the cells. Measurement of the center-to-center distance between fluorescent bands yielded the information in Fig. 4 and Table I . The average spacings in the fibroblastic cells (gerbil and human) were 1.5 and 1.7 #m, respectively, whereas the spacings in the two epithelial cell types (PtK2 and bovine) averaged 0.9 and 0.8 gm, respectively. As indicated in Fig. 4 and Table I , there was a wide range in individual spacings within one cell line. This reflected differences between measurements on different stress fibers in the same and different cells as well as differences within the same stress fiber, although the latter was less common. The length of the fluorescent band itself averaged 0.4 gm in all cells.
The stress fibers of cells treated with tannic acid during fixation for electron microscopy were characterized by osmophilic densities spaced along the fiber (Fig. 5) . There was no morphological substructure of specialization within the stress fiber to account for the periodic densities and, in this respect, as well as in their association with actin filaments, the stress fiber densities resembled the densities seen at cell junctions (Fig. I c) and focal contacts (Fig. 2 b) . Higher magnification electron microscopic images of dense bodies in both PtK2 and gerbil (Fig. 6 ) cells revealed parallel dark t'flaments that were often continuous with thin filaments outside the dense bodies. The stress fiber densities were not spaced at precise intervals along the fibers (Fig. 5) . To estimate an average distance between adjacent densities in a fiber, we counted the number of densities along segments of fibers 0.1 ~m wide and 5-6 #m long. The average center-to-center spacing in PtK2 was 0.6 #m and in gerbil 1.2 #m, values similar to the immunofluorescent banding described above (see Table I ). The average length of individual densities was 0.2 #m for PtK2 cells and 0.3 #m for gerbil fibrorna cells.
PAP staining of ceUs incubated with anti-a-actinin produced periodic densities 0.3 to 0.5 #m in length, spaced 0.9-2.4/~m apart along stress of gerbil cells (Fig. 7 a) . In PtK2 cells (Fig.  7b) , similar-sized dense deposits were 0.5-1.1 #m apart. The average center-to-center spacings were 1.3 #m in gerbil cells and 0.8 #m in PtK2 cells (Table I) . No densities were visible when anti-a-actinin antibody was omitted from the procedure (Fig. 7 c) .
Antitropomyosin Staining of Stress Fibers
It is known that tropomyosin is absent from areas of the cell containing a-actinin (13, 14, 24) , but present between the bands of a-actinin in stress fibers (13) . We predict, therefore, that fibroblasts that have longer center-to-center spacings of aactinin than epithelial cells would also have longer center-to- center spacings of tropomyosin. This was true for gerbil fibroma (Fig. 8 a) , primary human fibroblasts and W1-38 fibroblasts, all of which had longer center-to-center spacings of antitropomyosin staining than PtK2 cells (Fig. 8 b) (Table II) wider in gerbil fibroma cells than in epithelial cells (Table II) . This is expected in view of earlier studies showing that double labeling with anti-a-actinin and antitropomyosin results in solid staining along stress fibers (13) .
D I S C U S S I O N
The results presented in this paper show that the average center-to-center distances along stress fibers between bands of a-actinin, localized by indirect immunofluorescence, are greater in fibroblastic cells than in epithelial cells. On the electron microscopic level, the distance between bands of c~-actinin, localized by a-actinin antibody and PAP, are comparable to the immunofluorescence measurements. The sizes of individual bands of PAP staining, however, are approximately the same in the two cell types. When used in conjunction with c~-actinin antibody, PAP staining is also localized in focal adhesions and junctions, sites where immunofluorescence studies have shown that a-actinin is localized (24, 25) . In electron micrographs of normally fixed cells, osmiophilic densities ~0.2 #m wide are found along the stress fibers separated by centerto-center distances similar to those found with a-actinin antibodies. Osmiophilic densities are also found in these cells at focal adhesions and junctions between cells. Published immunofluorescence data indicate that myosin and tropomyosin are co-localized and are adjacent to sites of a-actinin localization along the stress fiber (13, 45) . The osmiophilic densities in electron micrographs, then, could be sites either of myosin and tropomyosin or of c~-actinin. The close correspondence, in two different cell types, between a-actinin banding and osmiophilic density banding leads us to suggest that a-actinin is localized in the densities. Herman and Pollard (15) using ferritin-coupled myosin antibodies found a higher concentration of ferritin grains associated with dense areas of HeLa stress fibers but also significant numbers of grains between the densities. Our model (Fig. 9 ) predicts that the grains should have been found only between the densities. To explain this discrepancy, we would like to make the following suggestions: It may be that the densities seen associated with ferritin by Herman and Pollard (15) were an artifact created by the addition of antimyosin at fairly high concentrations. In this case, according to our model, they would be located between the osmiophilic densities seen in normally fixed cells. We (J. W. Sanger and J. M. Sanger, unpublished observations) found that the latter are very sensitive to the condition of fLxation and thus may not have been conserved well enough to stand out as distinct structures between the antimyosin created densities.
In sarcomeres of fast striated muscle, actin filaments are attached at one end to the Z-bands and tropomyosin binds along the actin fdament except at the ends where actin is attached in the Z-bands. The distance between Z-bands, where a-actinin is localized, represents sarcomere length and is a function of the degree of contraction or stretch of the muscle. Bands of a-actinin are spaced closer together in contracted muscle than they are when the same muscle is stretched. At rest length, almost all vertebrate striated muscles have a sarcomere length of -2.3/~m. The myosin and actin f'daments are each also of uniform length in vertebrate striated muscle, 1.5 and 1.0/zm, respectively. In invertebrate striated muscle, there is much more variability. Sarcomere rest length can range from 0.9/lm in the subumbrellar muscle of jellyfish (5) to -30 #m in the proventricular muscle of syllid worms (6) . Myosin and actin filament lengths vary accordingly with lengths of 0.6 and 0.4 pan in the jellyfish muscle (5) and ~25 and 14/~m in the syllid worm muscle (6) . Within one invertebrate animal, different muscles often differ in sarcomere rest length and myosin fdament length as seen in the moth (33, 36) (Table III) . Even within one muscle fiber, sarcomere rest length can vary (9, 31 The model in Fig. 9 illustrates how a stress fiber in PtK2 or gerbil fibroma cells may be constructed based on our light and electron microscopic findings. We used center-to-center spacings of a-actinin of 0.7-1.1 #m for PtK2 and 1.1-1.9 #m for gerbil fibroma cells (Table I) The different a-actinin periodicities reported for the stress fibers of the nonmuscle cells in this paper may represent different degrees of contraction and/or stretch of the fibers or may reflect the sort of sarcomeric variability seen in invertebrate striated muscles (Table III) . Since the majority of the epithelial stress fiber periodicities due to a-actinin are spaced 0.8-0.9 t~m apart, whereas the majority of a-actinin bands in the fibroblastic cells are 1.4-1.7 #m apart, we propose that there is a difference in the two cell types equivalent to the variability found in sarcomere rest length in different invertebrate muscles (Tables III). We predict that actin filaments, and perhaps myosin filaments as well, will be longer in the fibroblastic cells than in the epithelial cells. The variation in c~-actinin banding that occurs within one cell and sometimes within one fiber would be more likely to be due to different degrees of contraction or stretch but could also be due to inhomogeneity in lengths of component filaments in the fibers as is observed in some individual vertebrate (31) and invertebrate (9) striated muscles.
